Background. We sought to determine whether skeletal muscle oxidative capacity, fiber
INTRODUCTION
Compared to healthy subjects, patients with chronic heart failure (CHF) exhibit a reduced exercise tolerance characterised by a low peak oxygen consumption ( & VO 2 peak ) and the early onset of fatigue 1 and lactic acidosis 2 during incremental exercise. These symptoms were formerly considered to be due to impaired cardiac function in these patients. There is no correlation, however, between & VO 2 peak and indices of left ventricular performance 3 . Further, in CHF patients the addition of arm exercise to maximal leg exercise produces increases in & VO 2 peak suggesting that exercise capacity in these subjects is limited by muscle function not cardiac output 4 .
We have previously observed deficits in exercise tolerance in lung transplant recipients 5 similar to those described above for CHF patients. The vastus lateralis muscles of the lung transplant recipients exhibited a range of abnormalities which potentially contributed to their reduced exercise capacity. These abnormalities included reduced levels of oxidative enzymes, a reduced proportion of type I muscle fibers and, significantly, lowered mitochondrial ATP production rates (MAPR). The exercise intolerance in CHF has also been attributed to maladaptations in skeletal muscle such as reduced oxidative capacity, altered muscle fiber type composition and fiber atrophy or loss leading to reduced muscle strength [6] [7] [8] [9] . It is also possible that reduced muscle blood flow is also an important component in exercise impairment in these patients 8 .
The effects of CHF on skeletal muscle oxidative capacity are unclear. Whilst most reports have suggested reduced activity of oxidative enzymes, this is not universally the case.
Sullivan et al. 10 report reductions in both CS and SDH activity in CHF patients while
Opasich and colleagues 29 reported no difference in either of these enzymes in their CHF group. Other similar studies have reported significant reductions in some but not all oxidative enzymes measured 11, 13, 14 . Interestingly, studies examining the effects of CHF on oxidative phosphorylation in vivo have consistently reported reduced rates of oxidative phosphorylation in CHF patients 27, 28 . The anomalies alluded to above notwithstanding;
reduced exercise tolerance has therefore been attributed to reduced muscle oxidative capacity. The rate of ATP production is a very sensitive test of mitochondrial function in skeletal myocytes 19 . However, no previous studies have examined mitochondrial ATP production rates (MAPR) in CHF patients.
The aim of the present study was to determine the role of skeletal muscle histochemical and metabolic maladaptations to CHF. In particular, we hypothesized that, compared to sedentary similarly aged healthy controls, the skeletal muscle of CHF patients would exhibit lower MAPR, and that this would be associated with a higher proportion of glycolytic fibers, muscle fiber atrophy and lower capillary density.
MATERIALS AND METHODS
Subjects. Fourteen stable chronic heart failure (CHF) patients (13 male/1 female; 68 ± 9 years, 84 ± 15 kg, body mass index 28 ± 5 kg/m 2 ; mean ± S.D.) and eight healthy sedentary control subjects (7 male/1 female; 63 ± 11 years, 78 ± 8 kg, body mass index 26 ± 3 kg/m 2 ) participated in this study. The CHF group were in New York Heart
Association functional class (NYHA) II (n = 11) & III (n = 3) and had left ventricular ejection fractions (LVEF) of 27 ± 8%. The average time since diagnosis of CHF in the patients was 39 ± 41 months. Two of the 14 CHF patients were current smokers while all healthy subjects were non-smokers. Diagnoses and medications for the CHF patients are presented in Table 1 (PC+M), α-ketoglutarate (α-kg), succinate + rotenone (S+R) and pyruvate + palmitoyl-Lcarnitine + α-ketoglutarate + malate (PPKM). ATP production by the adenylate kinase reaction and other non-specific reactions was determined from a blank containing ADP and mitochondrial suspension alone. Details of the procedure for MAPR in the presence of these substrates as used in our laboratory have been described previously 5 with the exception of the method used to determine mitochondrial yield which is described below.
All measurements of MAPR were made in duplicate, completed within 4 h of biopsy and are expressed as mmol.min -1 .kg -1 wet weight of muscle.
Measurement of Citrate Synthase activity. Citrate synthase (CS) is a specific
mitochondrial marker enzyme and was used to determine mitochondrial yield in the suspensions. The activity of CS in intact mitochondria (CS im ) was determined from CS activity of the mitochondrial suspension before and after mitochondrial disruption. Total muscle CS activity (CS t ) was determined on a separate piece of muscle homogenized in 175mM KCl and 2mM EDTA (pH 7.4). All CS activity measurements were performed at .
PFK was assayed on fresh homogenate 21 . LDH was assayed on stored homogenate using a reaction mixture (pH 7.0) containing 100mM Imidazole, 1.0mM pyruvate, 0.04% BSA and 25µM NADH based on the method of Costill et al. 22 . Table 2) . Strength of the quadriceps (p < 0.05) and hamstrings (p < 0.01) were also lower in the CHF patient group compared to the healthy control subjects (Table 2 ). The CHF patient group had an earlier lactate threshold (Table 3) , occurring at 30.3 ± 3.5 W versus 81.6 ± 8.6 W for control subjects (p < 0.001), and at termination of exercise, exhibited a lower peak work rate (p < 0.01). Lactate threshold when expressed as a percentage of peak work rate achieved during the exercise test was lower in the CHF group than in the normal subjects (p < 0.01) ( Table 3 ). There was no difference in peak RER between the CHF patient group and the control subjects indicating that subjects ceased exercise at similar relative exercise intensities. (Table 3) . No patient desaturated at the termination of exercise.
Muscle Oxidative Capacity. There was no difference in MAPR between the CHF patients and the healthy control group for any of the substrate combinations ( Figure 1 ).
The yield of intact mitochondria used for the MAPR assay was not statistically different between the CHF group (19.7 ± 2.2 %) and the healthy subjects (26.1 ± 2.4 %). There were no significant differences in the activities of the oxidative enzymes CS and HAD or in the activities of the glycolytic enzyme LDH (Table 4) . A trend towards significance was observed in the glycolytic enzyme PFK (p = 0.12) between CHF patients and healthy controls.
Muscle Fiber Types. Histochemical data was obtained from 13 CHF patients and seven controls. CHF patients exhibited a lower proportion of type IIA muscle fibers (20.4 ± 2.1 vs. 35.3 ± 1.9; p < 0.0001) and higher proportion of type IIX muscle fibers (32.6 ± 1.8 vs.
18.5 ± 1.7; p < 0.0001) than the healthy subjects ( Figure 2) . No difference was found in the proportion of type I fibers (p = 0.65) between the CHF and healthy subjects ( Figure   2 ). However, type I fiber cross-sectional area (µm 2 ) was lower in the CHF patient group than the healthy subjects (3026 ± 175 vs. 3681 ± 210; p < 0.05). No difference between groups was found in the cross-sectional areas of either type IIA or type IIX muscle fibers.
Capillary Density. Capillary to fiber ratio was lower in CHF patients (p < 0.001) than in control subjects (Table 5 ). CHF patients exhibited fewer capillaries surrounding type I fibers (p < 0.001) and type IIX fibers (p < 0.05) than controls. A trend was observed for fewer capillaries surrounding type IIA fibers (p = 0.075) in CHF patients compared to healthy controls. However, when capillary density was determined per unit of muscle fiber cross-sectional area, there was no difference between CHF patients and control subjects (Table 5 ). There was no correlation between capillary to fiber ratio and & VO 2 peak in either the CHF patients (r = 0.24; p = 0.43) or the healthy control group (r = 0.14; p = 0.76). Neither was there a correlation between capillary to fiber ratio and muscle strength in either the CHF patients (r = 0. 008, p = 0.98) or healthy subjects (r = 0.34, p = 0.50).
DEXA. No difference was found between the CHF patients and the normal controls in
either lean body mass or lean thigh mass (Table 6 ). There was a significant correlation between thigh lean mass and & VO 2 peak for the CHF patients but this did not reach statistical significance in the healthy subjects ( Figure 3 ). Additionally whole body lean mass was also significantly correlated with & VO 2 peak (r = 0.713; p<0.05) in CHF patients but again this did not reach significance in healthy subjects.
DISCUSSION
This is the first study to examine muscle oxidative capacity as measured by MAPR in CHF patients. The major finding of this study is that, notwithstanding a very significant difference in & VO 2 peak , there is no difference in MAPR between CHF patients and similarly aged healthy individuals. Studies investigating the effects of CHF on the activity of mitochondrial enzymes in skeletal muscle have produced equivocal results.
Significant reductions in the activity of citrate synthase (CS) [10] [11] [12] 30 . In contrast, the method of MAPR, used in the current study, is a direct and comprehensive assessment of muscle oxidative capacity across the entire range of metabolic energy producing pathways 19, 31, 32 .
Previous studies have demonstrated that MAPR is strongly associated with & VO 2 peak . It is higher in endurance trained individuals compared to sedentary subjects 19 and increases with endurance training 31, 32 . No studies to date have examined the effect of CHF on MAPR. Importantly, we found no difference between CHF patients and controls in MAPR in the presence of any substrate combination. Consistent with this obervation we also found no difference in the activity of the mitochondrial enzymes CS and HAD.
Clearly the current study is not consistent with other published literature and such differences in the data may be due in part to differences in the severity of the condition and/or the duration for which the patient has suffered CHF. The CHF patients included in this study are representative of the patients with systolic heart failure who attend a heart failure clinic, not having been selected because of cachexia or severe functional impairment, neither those referred specifically for cardiac transplantation. This is reflected in the mean age 68±9 years with a mean LVEF 27±8% on gated blood pool scanning. Our observations demonstrate that the reduced maximal oxygen consumption in this cohort of CHF patients must be due to factors other than muscle oxidative capacity.
Muscle fiber types. Muscle biopsy studies in CHF have consistently demonstrated
changes in muscle histochemistry including a reduced capillary to fiber ratio 13 and an increase in type IIX fiber proportions at the expense of either type I 10,33 and / or type IIA muscle fibers 11, 13 . Significant muscle fiber atrophy 33 and reduced total muscle cross sectional areas 27 have also been reported in CHF patients. Alterations in fiber type
proportions are a potential cause of the exercise intolerance in CHF. The proportion of type IIA muscle fibers was lower and the proportion of type IIX fibers was higher in the CHF group in the current study. Paradoxically, the increased proportion of type IIX muscle fibers did not result in a lower muscle oxidative capacity in CHF. Bigard et al. 34 however have demonstrated that muscle deconditioning induced by hindlimb suspension in rats results in slow to fast phenotype transitions without change in mitochondrial function. We conclude, therefore, that fiber type transformations do not necessarily result in reductions in overall muscle oxidative capacity.
Capillary density. The major function of the capillary bed in skeletal muscle is to supply oxygen and nutrients to the muscle fibers. Endurance training stimulates an increase in capillary density in human subjects without heart failure 35, 36 indicating a potential correlation between capillary density and peak. In the present study there was no correlation between peak and the capillary to muscle fiber ratio in the CHF group.
This observation is supported by the findings of Duscha et al.
13 who found no significant difference in capillary to fiber ratio between the most exercise-impaired CHF patients (< 4 METS) and the normal control group. In the current study the capillary to fiber ratio and capillary contacts per fiber were lower in the CHF group in comparison to the healthy subjects.
The current study highlights the importance of measuring capillary density as a function of muscle fiber size. When capillary density was calculated relative to fiber area (capillaries/mm 2 ), no difference between the CHF patients and the healthy control subjects was observed. The implication of this finding is that capillary density is not a factor in the reduced exercise tolerance in CHF patients. This finding is also supported by DeSousa and colleagues 37 who reported no difference in capillaries relative to fiber area between CHF and sham-operated rats in either oxidative (soleus) or glycolytic (gastrocnemius) muscles.
Role of muscle mass in reduced exercise capacity. & VO 2 peak (ml/min) was significantly correlated with lean thigh mass in the CHF patients but less so in the normal healthy controls ( Figure 3 ). This relationship in CHF patients has previously been observed in larger patient groups. 38, 39 This suggests that reduced muscle mass could be a determinant of the reduced exercise capacity in CHF. Although the mean lean thigh and lean body mass were lower in the CHF group compared to the healthy subjects, these differences did not reach statistical significance. Nevertheless, the CHF patients did have significantly smaller type I muscle fibers, a lower lean thigh mass to body mass ratio and reduced thigh muscle strength (Table 2) . Previous studies using computerized tomography 39 and magnetic resonance imaging 27, 40 have demonstrated smaller muscle cross sectional areas in CHF patients. The reduction in the cross-sectional area of the type I fibers suggests that the CHF patients might recruit type II muscle fibers at lower exercise intensities. Additionally, the CHF group had a significantly lower proportion of type IIA fibers indicating an earlier reliance on glycolytic type IIX fibers during the incremental exercise test. This conclusion is substantiated by the earlier onset of lactic acidosis in the CHF group.
While muscle mass might be contributing to the difference in exercise capacity between the groups, the difference in lean body mass is unlikely to account for all of the substantially lower peak & VO 2 in the CHF patients compared to the healthy control subjects.
Metabolic control. While our data demonstrate that skeletal muscle oxidative capacity is not reduced in our cohort of CHF patients it is possible that the rate of oxidative phosphorylation during exercise is reduced. In vivo studies using P-31 nuclear magnetic resonance (P-31 NMR) spectroscopy have demonstrated reduced phosphocreatine (PCr) resynthesis post-exercise in CHF patients 27, 41 . As PCr resynthesis is an oxidative process, this suggests an impaired rate of oxidative phosphorylation. Cohen-Solal et al. 41 also
reported slower kinetics of recovery of oxygen consumption in CHF patients after exercise, further supporting an impaired rate of muscle oxidative metabolism.
Additionally, the PCr concentration in muscle declines more rapidly during submaximal exercise in CHF patients indicating lower rates of oxidative phosphorylation for given absolute and relative submaximal exercise loads 6, 42 . Skeletal muscle pH also began to decline earlier during exercise indicating an earlier onset of glycolysis. This is consistent with the earlier onset of lactic acidosis which was observed in the current study. Clearly, whilst we provide evidence that skeletal muscle oxidative capacity is not reduced, oxidative phosphorylation during exercise is impaired in CHF.
A number of factors may be responsible for reducing oxidative phosphorylation during exercise in CHF. Toussaint et al. 43 have shown reduced reactive hyperemic flow in the calf muscles of CHF patients along with slowed PCr recovery. The authors concluded that oxidative ATP resynthesis is limited by reduced oxygen availability, the result of impaired blood flow.
In oxidative, but not glycolytic muscle, elevated levels of creatine considerably enhance respiratory control by ADP. Hence, during exercise, mitochondrial respiration is stimulated by increased cytosolic creatine levels in oxidative but not glycolytic muscles.
Consequently, fiber type alterations that increase glycolytic fiber proportions would reduce the sensitivity of whole muscle oxidative phosphorylation to ADP stimulation.
The higher proportion of glycolytic fibers in CHF patients than in controls may explain the aforementioned lower levels of oxidative phosphorylation during exercise. 37 A further mechanism related to the control of oxidative phosphorylation during exercise, as described by Conley et al., 44 may also explain the lower exercise capacity of CHF patients. During exercise PCr levels fall and ADP levels rise as described by the creatine kinase equilibrium shown below
The ADP level is the central signal for oxidative phosphorylation. Conley et al. 44 point out that the rise in ADP as PCr levels fall is attenuated at lower intramuscular pH. In our CHF group we observed higher proportions of type IIX glycolytic muscle fibers and an earlier onset of lactic acidosis in incremental exercise potentially reflecting a lower muscle pH. We postulate, therefore, that the rate of rise of ADP in the CHF group and the rate of oxidative phosphorylation during incremental exercise would be less than that in the controls leading to a greater reliance on glycolytic ATP production. In support of this claim Massie et al. 6 have observed a lower muscle pH during submaximal exercise in CHF patients compared to healthy control subjects.
Conclusions.
The major finding of this study was that there was no difference between CHF patients and healthy control subjects in skeletal muscle MAPR across the full range of substrates. Neither was there impaired activity of the muscle oxidative enzymes investigated. Therefore the CHF patients in this study, who are generally older and perhaps more representative of CHF patients in the general community than those described in previous studies, appear to have normal resting skeletal muscle oxidative function, although impaired oxidative phosphorylation during exercise cannot be excluded.
Capillary density is reduced in these CHF patients in association with muscle fiber atrophy. However, the reduced peak & VO 2 does not appear to be associated with this reduction in capillary density.
Lower lean body mass and type I fiber atrophy are both associated with the impairment in peak & VO 2 . It is unclear whether or not these morphological changes in skeletal muscle might be reversible following muscle-strengthening exercise training and/or better treatment of the underlying heart failure. 
